The impact that produced North Ray Crater, Apollo 16 landing site, exhumed rocks that include relatively mafic members of the lunar ferroan anorthositic suite. Bulk and mineral compositions indicate that a 2345 https://ntrs.nasa.gov/search.jsp?R=19980017950 2020-02-07T01:26:24+00:00Z Smith Crystal Structures, Physical, Chemical, and Microtextural Properties, 2nd ed. Springer-Verlag. Smith J. V. and Steele I. M. ( 1974 ) lntergrowths in lunar and terrestrial anorthosites with implications for lunar differentiation. Amer. Mineral. 59, 673-680. Snyder G. A., Taylor L. A., and Neal C. R. ( 1992 ) A chemical model for generating the sources of mare basalts: Combined equilibrium and fractional crystallization of the lunar magmasphere. Geoehim. Cosmochim. Acta 56, 3809-3823.
. Data reduction was done using the TEABAGS program (Lindstrom and Korotev, 1982 ) . Estimates of analytical precision ( 1-o" ) are given in Table  1 . As a check on accuracy, we include in Table  1 analyses  of   standard  rock powders  AN-G  anorthosite  (Govindaraju  and Roe landts, 1993) and BHVO-I basalt (Gladney and Roclandts, 19881 .
Fused Beads
Sample splits for fused beads, typically weighing 1(I-2(I mg, were ground with an alumina mortar and pestle under acetone. Powders were fused on a Mo-strip resistance heater ( Brown, 1977 ) under Ar at atmospheric pressure. 
Electron

noticeably.
Olivine, which could upset this correlation, is not modally abundant, i.e., generally -<2%.
Lithology
Most of the 2-4 mm particles are fragmental breccias, im- et al., 1981; Jolliff, 1991 ) . As such, they were probably excavated originally by the Nectaris basin impact (St6ffler et al., 1981 ) . Petrographically, they are similar to clasts in breccias 67455 (Minkin et al., 1977; Lindstrom and Salpas, 1981 , 1983 ), 67075 ( McCallum et al., 1975 , and 67215 ( McGee, 1987 ) . It is likely that the set of 67513 lithic fragments and those large breccias derive from a common precursor. We refer to the precursor igneous system that produced the fragments as the ferroan noritic-anorthosite (FNA) composition igneous system.
A Petrologic Model of the Precursor Igneous System
We offer three observations pertinent to determining the nature of the igneous system that was the precursor to these fragments. First, abundant breccias that are dominantly genomict offer a sampling advantage that complements information based on scarce monomict rocks. The genomict breccia fragments are a crudely averaged sample of some larger rock body. Such a body could be part of a pluton or a magma ocean.
Second, simple crystallization of a cotectic liquid would produce a much lower proportion of plagioclase relative to marie minerals than we infer for the precursor igneous system.
We thus take as a hypothesis that the precursor system was a mixture of plagioclase and cotectic melt. As we argue below, the incompatible-element concentrations of the mafic component are too high for it to be simply cumulus pyroxene. On the olivine-anorthite-silica pseudoternary projection, the compositions of these samples lie along a band between plagioclase and the plagioclase-olivine cotectic ( Fig. 4a ). From the position of the average composition of the fragments on the olivine-silica-anorthite pseudoternary projection, we calculate by mass balance a 70:30 mass ratio of plagioclase to cotectic material ( Fig. 4b ). Positive correlations between Sc and plagioclase-incompatible elements, such as trivalent REEs, and negative correlations between Sc and plagioclase-compatible elements such asCaO and A1203, suggest that these rocks are, toafirst approximation, mixtures ofcumulus plagioclase (Scpoor) andintercumulus melt (Sc-rich). The70:30 relative proportions of"excess" plagioclase tocotectic melt isavalue found forsome terrestrial plagioclase cumulates (e.g., Haskin and Salpas, 1992) and corresponds toproportions ofcrystals atwhich magma-system viscosity rises sharply (Marsh and Maxey, 1985 ) . Third, therange ofcompositions ofimpact-melt andfragmental-matrix breccias suggests that, ona gross scale, feldspathic andmarie components oftheir precursor rocks were mixed, notwidely separated. Bulk-breccia andmelt-matrix compositions suggest thatprecursor rocks ranged from23-31wt%AI20_, i.e., fromanorthositic norite togabbroic or noritic anorthosite. Impact melts (asinferred from breccia matrix)asfeldspathic asanorthosite (>90vol% plagioclase )or asmafic asnorite orgabbro (<60vol% plagioclase) arenot found, suggesting that large segregations orlayers ofnorite orgabbro were notpresent. Weconsider further thedistribution ofmarie andanorthositic rocks in theprecursor in a later section.
Compositions of Cumulus Plagioclase, Intercumulus Melt, and the Bulk System
Compositions of -75% of the 148 lithic fragments lie closely along the Sc-Sm correlation line of Fig. 1 8 ). We refer to this average composition as the FNA igneous-system bulk composition. We note that trace-element concentrations of the proposed system are similar to those of 67455 and are _0.25-0.5 times those of Antarctic lunar meteorite MAC88104/5 ( Table 2 ). ' Heteradcumulates in this context are plagioclase cumulates containing pyroxene that crystallized from intercumulus melt, but that maintained a constant composition by adcumulus diffusion. (1) Mass-weighted mean of all 219 67513 2-4 mm lithic fragments analyzed by INAA. AlzO3 estimated from Sc-AI correlation.
(2) Mass-weighted mean of ferroan noritic-anorthosite (FNA) subset of sample 67513 lithic fragments, defined as those that have Sm < 2 ppm minus those that have SclSm < 5 and Sm > 1 ppm (148 particles or 70 wt.% of total analyzed).
(3) Mass-weighted mean of 143 mg of 67511 <1 nun fines and 408 mg of 67513 "abrasion" fines.
(4) Composition of bulk 67511, KOROTEV (1982), SiO2 estimated. -
Sc ( mixing components for those elements whose concentrations are well correlated with those of Sc (see text). Regression lines are based only on data points represented by square symbols; these are the samples that fall most closely along the Sc-Sm correlation line. Total number of regressed data points is 112. The range of concentrations of Na20 at low Sc concentrations indicates the presence of more than one plagioclase component among these samples. The analytical uncertainty is shown by the "cross" symbol for the average concentrations, at about 10 ppm Sc.
We consider initially two simple, but extreme, crystalliza- (1977, 1978, 1980, 1987, 1991 ) . The equilibrium crystallization model does not produce Sc concentrations of intercumulus assemblages that exceed that of the starting intercumulus melt composition, whereas the step-wise crystallization model yields more Sc-rich pyroxene-bearing assemblages. Mixing of different proportions of cumulus plagioclase, intercumulus solids, and residual liquids would lead to a variety of possible rock compositions that scatter about the main trend. For example, the effect of adding 5% of residual liquid (RL), taken as that at 95% equilibrium crystallization of intercumulus melt, is shown by the short vector for a hypothetical sample composition at about 18 ppm Sc.
impact followed by prolonged residence in a high-temperature environment.
Distribution of Mafic Minerals in Precursor Igneous Rocks
In this section, we consider whether the observed marie assemblages, as recorded by the pyroxene-rich lithic fragments, might have been part of a single noritic-anorthosite lithology, or whether they might have been noritic or gabbroic layers within an anorthositic body. Perhaps marie mineral as-semblages formed "clots" within the plagioclase matrix, as observed in some terrestrial anorthosites, typically on a scale much larger than the size of our samples (e.g., Stillwater anorthosites; Gitlin et al., 1985; Haskin and Lindstrom, 1988) . Whether or not the marie assemblages were intimately mixed with cumulus plagioclase is important with respect to reaction between intercumulus components and cumulus plagioclase, as suggested above.
The distribution of Sc concentrations in the samples (Fig.  14) , which essentially represents the distribution of the marie assemblages, is consistent with an intimate mixture of cu- 1980; Haskin et al., 1981; Korotev, 1981; St6ffler et al., 1981 St6ffler et al., , 1985 Lindstrom and Salpas, 1983; Korotev and Haskin, 1988; Jolliff, 1992b Fig. 1a ) are based on the Sc-AI c_rrelation (Fig. 2) .
CONCLUSIONS
We have analyzed a set of rock particles from the rim of North Ray Crater that appears to come from a single igneous system which we refer to as the ferroan noritic-anorthosite , 1974; WS_nke et al., 1974; Warren and Wasson, 1978; Blanchard and Budahn, 1979; Haskin et al., 1981 ; Korotev et al., 1983; Warren et al., 1983a Warren et al., ,b, 1986 Warren et al., , 1987 Warren et al., , 1991 Ryder and Norman, 1980; Ryder, 1985; Lindstrom et al., 1986; Salpas et al., 1988; James et al., 1989 James et al., , 1991 Jolliff et al.. 1991a,b; Laul el al., 1989. et al. ( 1975 ) . 
67513, 7097--Ferroan gabbronorite
Description of Individual Polymict Samples
67513, 7008--Fragmental breccia
Sample 67513,7(_18 is a 32-mg fragmental-matrix breccia containing a seriate distribution of angular to subrounded mineral and litbic clasts that range up to about 1.3 mm across (Fig. A3a) Table A2 ; Fig. A3b ). Plagioclase is inclusion rich, similar to that in the monomict lithologies described above, particularly 67513,7052.
The clast also contains a 300 jum augite grain (bulk Wo3y 5, Mg' = 0.64) and a few scattered, smaller pyroxene grains (Table  A3 ). Small grains of olivine, Fo_8, are also present. 
